Dimerization-dependent fluorescent proteins (ddFP) are a recently introduced class of genetically encoded reporters that can be used for the detection of protein interactions in live cells. The progenitor of this class of tools was a red fluorescent ddFP (ddRFP) derived from a homodimeric variant of Discosoma red fluorescent protein. Here, we describe the engineering and application of an expanded palette of ddFPs, which includes green (ddGFP) and yellow (ddYFP) variants. These optimized variants offer several advantages relative to ddRFP including increased in vitro contrast and brightness for ddGFP and increased brightness and a lowered pK a for ddYFP. We demonstrate that both variants are useful as biosensors for protease activity in live cells. Using the ddGFP tool, we generated a highly effective indicator of endomembrane proximity that can be used to image the mitochondria-associated membrane (MAM) interface of endoplasmic reticulum (ER) and mitochondria.
including the determination of fusion protein localization, reporting of transcriptional activation, imaging of dynamic changes in small molecule concentrations, the visualization of enzymatic activities, and as a readout for synthetic gene regulatory networks. 3 Many of these applications are only made possible by the availability of FPs or FP-based tools engineered using a relatively small collection of well-established strategies.
In an effort to expand the range of FP-based tools, we recently developed a dimerizationdependent fluorescent protein (ddFP). 4 ddFP technology involves the reversible binding of two dark FP monomers to form a fluorescent heterodimeric complex (Scheme 1). The fluorogenic response associated with the FP-FP interaction is an indicator of an increase in the proximity or effective concentration of monomers. The initial example of a ddFP was a red fluorescent system (ddRFP) derived from dTomato. 5 The first generation construct, ddRFP-A 1 B 1 , is useful in a variety of applications, but it does suffer from limited brightness, limited contrast (~10-fold), and a limited color palette (only red). 4 The goal of this work was to expand the color palette of ddFPs with variants exhibiting improved brightness and contrast relative to ddRFP-A 1 B 1 . Starting from the ddRFP template, we have used a process of directed evolution to create green (ddGFP) and yellow (ddYFP) analogues of ddRFP and explored their utility in live cell imaging applications. We found that while the low μM K d of these ddFPs limits their utility in applications that involve free diffusion through the cytoplasm or within a single membrane, ddGFP is a useful reporter of endoplasmic reticulum (ER)-mitochondria contacts termed the mitochondriaassociated membrane (MAM). Accordingly, we expect this expansion of the ddFP family of FPs to provide researchers with more color choices for development of fluorescent probes suitable for multiparameter imaging involving interactions between two biological membranes.
We have adopted the convention of designating the monomers of a ddFP as copy A (e.g., ddGFP-A) and copy B (e.g., ddGFP-B). The ddFP-A partner possesses the preformed, but quenched, chromophore, while the ddFP-B partner lacks a chromophore (Scheme 1). 4 We designate the noncovalent complex as AB (e.g., ddGFP-AB) and genetically fused tandem dimers with a "td" rather than the "dd" prefix (e.g., tdGFP-AB).
To generate new hues of ddFP, we chose to modify ddRFP 4 rather than repeat the directed evolution using a differently colored FP template. Our starting template for this effort was an unpublished ddRFP construct, ddRFP-A 1 B 1.1 (Table S1 , Supporting Information), that has a modest increase in contrast (~20-fold) and an increased affinity (K d ~ 1 μM) relative to ddRFP-A 1 B 1 (~10 fold contrast and K d ~ 30 μM). Mutations K83R, K70M, 6,7 V105A, and V71M 8 have been previously reported to convert DsRed into a green FP. Various combinations of these mutations were introduced into the A copy of the tandem dimer version of ddRFP-A 1 B 1.1 . The K83M and K70M mutations led to a complete loss of fluorescence, but dim green fluorescence was observed with the A71M (V71A arose during the evolution of dTomato from DsRed 5 ) mutation independently or in conjunction with V105A ( Figure S1 , Supporting Information). The tdRFP-AB construct with mutations A71M or A71M/V105A in the A copy was used as the template for subsequent evolution.
Multiple rounds of library creation by error-prone mutagenesis followed by colony-based screening for high green fluorescence and diminished red fluorescence were undertaken. 9 In each round, the brightest variants were subjected to a secondary screen for contrast; the linker joining the two FPs in the tandem dimer was cleaved with trypsin, and the variants with the largest decrease in intensity due to dissociation were identified. Continued evolution with intermittent gene shuffling was continued until no further improvements were achieved during a round of exhaustive screening (Figure 1a) . The brightest green fluorescent variant (designated as tdGFP-AB) had 12 amino acid changes relative to ddRFP-A 1 B 1 (Table S1 , Supporting Information), with eight of these mutations in ddGFP-A and four in ddGFP-B.
The absorbance spectrum of purified tdGFP-AB is characterized by peaks centered at 380 and 493 nm (Figure 1b ) and the absence of peaks in the red region ( Figure S1 , Supporting Information). Excitation at the 493 nm peak results in a green emission centered at 508 nm (Figure 1b) . Excitation at the 380 nm peak results in weak (<0.1% relative to excitation of the 493 nm peak) emission peaks at 448 and 508 nm ( Figure S1c, Supporting Information) . The absorbance spectra of ddGFP-A and tdGFP-AB are pH dependent, with the 380 nmabsorbing species (acidic conditions) being converted to the 493 nm-absorbing species (basic conditions) with pK a values of 9.4 and 7.8, respectively ( Figure S2a-c, Supporting  Information) . Importantly, the brightness (Table S2 , Supporting Information) and contrast of the green variant is improved relative to ddRFP-A 1 B 1 . Trypsinolysis of purified tdGFP-AB to disrupt the heterodimeric interaction (Figure 1c,d ) produced a ~60-fold decrease in emission intensity (Figure 1d ). This contrast is a marked improvement over ddRFP-A 1 B 1 , which exhibited a 10-fold increase in fluorescence upon heterodimerization. 4 Given our success in evolving a green-hued ddFP, we next attempted to engineer a yellowhued ddFP by introducing the mutation M66C, which leads to formation of a yellow fluorescent 10 three-ring chromophore. 11 Similar to the initial steps in ddGFP-AB engineering, installation of M66C into tdRFP-A 1 B 1.1 decreased fluorescence intensity. Further molecular evolution ultimately produced an effective ddYFP-AB variant with 19 mutations relative to ddRFP-A 1 B 1 (Table S1 , Supporting Information) and good contrast in E. coli and in vitro (Figures 1e-h ). TdYFP-AB exhibits absorbance and emission peaks centered at 520 and 546 nm, respectively ( Figure 1f ) and a 12-fold difference in emission intensity between the associated and unassociated states in vitro at pH 7.5 ( Figure 1h ).
Although the brightness of this yellow variant is improved (Table S2 , Supporting Information), its most promising feature is a reduced pK a . At pH 7 ddYFP-A exhibits minimal absorbance at 516 nm ( Figure S2d , Supporting Information), whereas tdYFP-AB absorbs near maximally and the protonated chromophore species is absent, consistent with the measured pK a of 6.4 ( Figure S2e , Supporting Information). Although this pK a will render ddYFP-AB sensitive to pH fluctuations, it will retain ~75% of its maximum brightness at physiological pH ( Figure S2f , Supporting Information). Conversely, the higher pK a of ddGFP limits its brightness to ~25% of maximum at physiological pH ( Figure S2c , Supporting Information).
In vitro saturation binding experiments revealed that ddGFP-AB has a K d of 9 μM ( Figure  2a ) and ddYFP-AB has a K d of 14.5 μM (Figure 2b ), which both represent substantial decreases relative to the K d of 33 μM for ddRFP-A 1 B 1 . 12 We speculated that the higher affinity could be attributed to the involvement of K153 in electrostatic interactions across the interface. 13 During the evolution of ddRFP-A 1 B 1 we identified this residue as a modulator of heterodimer affinity. 4 Installation of the K153E mutation in ddGFP-B increased the K d to 27 μM (Figure 2a ) but reduced the brightness by ~30% and the contrast to ~37-fold (Table S2 , Supporting Information).
We previously demonstrated that ddRFP-A 1 B 1 is a suitable template for construction of genetically encoded biosensors for Ca 2+ concentration and caspase-3 activation in live cells. 4 To assess whether ddGFP-AB and ddYFP-AB variants could also serve as templates for caspase-3 biosensors, we introduced a caspase-3 substrate sequence into the linker joining the heterodimer partners. 4 Expression of this construct in mammalian cells revealed that both tdGFP-AB and tdYFP-AB produce brighter fluorescence than tdRFP, though the brightest cells exhibited only small changes in intensity following caspase-mediated cleavage ( Figure S3a , Supporting Information). Presumably in these cells the concentration of tdGFP-AB is substantially greater than the ddGFP-AB K d of 9 μM. In dim cells, which were presumably expressing lower levels of biosensor, we observed a 3.6 ± 1.0-fold (N = 39) and 2.8 ± 0.6-fold (N = 10) decrease in fluorescence following caspase-mediated cleavage of tdGFP-AB and tdGFP-AB with K153E in the B-copy, respectively ( Figure S3b , Supporting Information). The observed loss of fluorescence signal upon cleavage is reduced relative to the contrast observed in vitro. We speculate the concentration of monomers following cleavage is sufficient to cause noncovalent dimerization, and thus the observed contrast is decreased. Indeed, we find that coexpression of ddGFP-A and ddGFP-B in HeLa cells results in diffuse cytoplasmic fluorescence ( Figure S4e , Supporting Information). For tdGFP-AB with K153E, the dimmer intrinsic brightness (Table S2 , Supporting Information) requires us to image cells with a higher intracellular concentration, leading to increased dimerization and lowered contrast. For tdYFP-AB, caspase-3 activation traces were comparable in terms of kinetics and fold change to those obtained for tdGFP-AB-based biosensors ( Figure S3c , Supporting Information).
On the basis of the results with the caspase-3 biosensors, it was apparent that the relatively high affinity of ddGFP-AB and ddYFP-AB would limit our ability to detect association or dissociation of proteins freely diffusing within the cytosol. We therefore explored the suitability of these tools for detection of protein proximity in cases where proteins are tethered to a membrane and thus not able to freely diffuse. We focused these efforts on ddGFP-AB because of its high contrast, and have not yet pursued the use of ddYFP-AB in similar applications. To determine if ddGFP-AB could be used to detect protein-protein proximity at the plasma membrane of mammalian cells, we fused ddGFP-A to a pleckstrin homology (PH) domain and installed a farnesylation substrate sequence on ddGFP-B. 14, 15 We expected that the PH domain would recruit ddGFP-A to the membrane through association with inositol phospholipids 16 and farnesylated ddGFP-B would be tethered directly to the membrane ( Figure S4a , Supporting Information). Indeed, prominent fluorescent labeling of the plasma membrane due to reconstitution of ddGFP-AB was observed only when both partners were targeted to the membrane ( Figure S4b -d, Supporting Information), thus demonstrating the potential of our ddGFP heterodimers to detect protein proximity when anchored to a membrane.
We next tested the applicability of ddGFP-AB for labeling of the mitochondria-ER endomembrane contact sites called MAM. 17 Previous strategies to fluorescently image the MAM had used GFP-fusion proteins of MAM marker proteins, but these chimeras often did not fully reproduce targeting of the endogenous marker. 17 Our strategy was to coexpress ddGFP-A or -B chimeras in which each partner was fused to either the mitochondrial protein translocase of outer membrane-20 (Tom20) or the ER protein calnexin (Figure 3a) . Tom20 is an outer membrane protein of the mitochondria that functions as a receptor during protein import, 18 and calnexin is a Ca 2+ binding chaperone that is enriched on the MAM, where it regulates Ca 2+ homeostasis. [19] [20] [21] We fused ddGFP-A to the C-terminus of calnexin and ddGFP-B to the C-terminus of Tom20 such that the ddGFP-AB partners are presented on the cytosolic face of the organelles (Figure 3a) . When each gene fusion was expressed independently, no fluorescence labeling was detected above autofluorescence (Figure 3b,c) . However, when both fusions were transfected, we observed prominent green fluorescence localized in the perinuclear region of cells (Figure 3d ). The perinuclear localization was defined by discrete labeling at points of mitochondria-ER contact ( Figure 3d ) consistent with previous reports of MAM staining. 19, 22 Parallel experiments were performed with two distinct ER targeting constructs that are not known to lead to MAM enrichment (residues 1-85 of Rattus norvegicus signal recognition particle receptor β (SRPβ) 23 and residues 1-218 of Homo sapiens B-cell lymphoma 2 (Bcl2) fused to cytochrome-b 5 (cb5) transmembrane domain 24, 25 ) and a mitochondria surface targeting domain (Bcl2 fused to the membrane anchoring domain of actin assembly inducing protein (ActA) 24, 25 ). Expression of ddGFP-B fused to either the SRPβ or Bcl2/cb5 construct, together with ddGFP-A fused with Bcl2/ ActA, gave no fluorescence signal above autofluorescence (data not shown).
To confirm that we were observing genuine MAM-mediated contact sites with the calnexin and Tom20 combination, we performed multiple control experiments. First, cotransfection with mCherry targeted to the mitochondria or ER demonstrated that the MAM-associated ddGFP-AB green fluorescence partially colocalized with both the mitochondria and the ER (Figure 4a ,b; Figure S5a ,b and S6a,b, Supporting Information). Second, to confirm that MAM labeling was dependent on the proximity of Tom20 and calnexin rather than the result of nonspecific ddGFP-AB aggregation, we utilized Tom20 mutants that have been reported to delocalize from the mitochondria. 26 Expression of these Tom20 mutants as mCherry fusions confirmed that these chimeras redistributed to the cytoplasm and Golgi ( Figure S7a i, Supporting Information). Fusion of these Tom20 mutants to ddGFP-B and coexpression with calnexin-ddGFP-A resulted in a loss of green fluorescent labeling of MAM interactions ( Figure S8a ,b, Supporting Information). As a final control, we cotransfected a knockout mouse embryonic fibroblast (MEF) cell line that is deficient for mitofusin-2, a protein that physically contributes to MAM contacts. 27 Transfected wild-type MEFs exhibited MAM labeling similar to that observed in HeLa cells (Figure 5a ). In contrast, instances of MAM labeling were rarely observed in mitofusin-2 knockout MEFs (Figure 5b ), and in those cases, the fluorescence intensity of the MAM label was diminished relative to WT MEFs. This result is consistent with impaired formation of ER-mitochondria membrane juxtaposition in MEFs lacking mitofusin-2. 27 Since MEFs are difficult to transfect, 28 we used flow cytometry to verify our observations made by epifluorescent microscopy ( Figure S9 , Supporting Information). Consistent with our imaging results, we observed an increase in the population of green fluorescent cells in wild-type MEFs relative to mitofusin-2 knockouts of 2.4 ± 0.8-fold (N = 4). Collectively, our results demonstrate that a ddFP approach using a MAM-enriched ER portion together with a mitochondrial portion provides an effective label of the MAM.
In conclusion, our work describes the engineering of new color variants of ddFPs, thus expanding the color palette of this FP class. We now have a series of ddFPs that possess a range of favorable features for live cell imaging: medium affinity and contrast (ddRFP), increased brightness and high in vitro contrast (ddGFP-AB), and increased brightness and reduced pK a (ddYFP-AB). The availability of new color variants will better enable researchers to develop fluorescent probes tailored for specific imaging applications. However, the current ddFP series highlights both the potential and the challenges of using ddFPs as genetic parts for live cell biosensing. Specifically, each of the tools developed to date fall short of a being an ideal ddFP, which would be characterized by low affinity, low pK a , high contrast, and high brightness. Further engineering efforts are likely to lead to ddFPs that are closer to ideal. Specifically, low affinity variants of the current ddFP family members will provide attractive alternatives to split-FP reporter strategies due to the reversibility of the intensiometric response. Our results with a MAM-specific ddGFP probe clearly show the potential of this new technology.
METHODS

Molecular Biology and Mutagenesis
All molecular biology reagents were purchased from Thermo Scientific/Fermentas. Error prone PCR was performed as described previously. 5 Gene shuffling mutagenesis was similarly conducted using template pools of either 5′ or 3′ genes of the tandem gene fusions and using short extension times (10 s) and increased cycle numbers. 
Wavelength Selection and Library Screening with Tandem Heterodimers
Library screening was performed using our previously reported trypsinolysis assay. 4 Tandem heterodimers were initially constructed by a three-part ligation strategy that provided a chimera of the form A-linker-B in XhoI/HindIII sites of pBAD/His-B, where the linker was a 23-residue sequence that included a KpnI site. Bright colonies were picked and cultured in LB with ampicillin and L-arabinose (0.02%) overnight. Crude protein extracts were treated with trypsin at approximately 10 μg/mL for 30 min, and emission spectra were acquired using a 96-well microplate reader. Contrast ratios were calculated as the integrated emission peak area of the nontrypsinized extract divided by that of the trypsinized extract.
Hue-shifted emission wavelengths were selected using our custom-built colony imaging system; variants exhibiting favorable emission wavelength ratios (e.g., green-to-red) were confirmed by trypsinolysis assay and carried forward for further mutagenesis.
Protein Purification and Characterization
To produce recombinant proteins, the genes encoding tdGFP, ddGFP-A, and ddGFP-B were cloned into pBAD/His-B (Invitrogen). Expression plasmids were transformed in electrocompetent E. coli DH10B. Shaker cultures were induced at 0.02% L-arabinose and incubated a further 12-16 h. Soluble proteins were purified from cleared lysates by Nickel-NTA and buffer exchanged into 20 mM Tris-HCl, 100 mM NaCl and 0.5 mM EDTA, pH 7.5. pH sensitivity measurements were performed by incubating purified proteins in buffers of desired pH and acquiring emission spectra with a 96-well Safire2 microplate reader (Tecan). Spectra represented in this manuscript were recorded with a DU-800 UV-visible spectrophotometer (Beckman) or a QuantaMaster spectrofluorimeter (Photon Technology International, Inc.). The alkaline chromophore denaturation method was used to determine ε values. 29 EGFP (Φ = 0.60) or mCitrine (Φ = 0.76) were used as the reference for quantum yield determination.
To determine the K d of the purified recombinant ddGFP partners, an increasing amount of nonfluorescent ddGFP-B was mixed with a fixed amount of ddGFP-A to generate ddGFP-AB complexes in 20 mM Tris-HCl, 100 mM NaCl and 0.5 mM EDTA, pH 7.5. The integrated fluorescence emission peaks recorded as a function of ddGFP-B concentration were used to generate saturation binding curves. Experimental data was fit using a modified Langmuir isotherm to account for ligand depletion.
Live Cell Imaging
Caspase-3 biosensors were designed as described previously. 4 For membrane-targeting fusions the cDNA encoding the human Akt PH domain gene (residues 5-108) was fused at the N-terminus of ddGFP-A with an eight residue linker (GSSGTASS). The K-Ras farnesylation substrate sequence, SKDGKKKKKKSKTKCVIM, was installed at the Cterminus of ddGFP-B. 14 Each fusion was cloned into pcDNA3.1 (+) (Invitrogen) between HindIII and XhoI restriction sites.
Tom20 and ddGFP-B were fused with a short linker (GTASSEDNNMA) to render Tom20-ddGFP-B. Calnexin and ddGFP-A were fused together using the linker GGASGGSGSGPV to render calnexin-ddGFP-B. The following Tom20 mutants were generated: Tom20 (Δ25-51) as well as Tom20 (Δ34-51; K27S/R28S/R29S). 26 Each of these truncations was in turn fused to ddGFP-B. Localization markers were mCherry-mito-7 (mitochondria), mCherrySiT-N-15 (Golgi), and ER (mCherry fused to calreticulin signal peptide and a KDEL retention sequence).
Cell Culture Experiments
HeLa cells, mouse embryonic fibroblasts (MEFs), and mitofusin-2 deficient MEFs were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and glutamax (Invitrogen) at 37 °C and 5% CO 2 . Transient transfections of pcDNA3.1 (+) expression plasmids were performed using Turbofect (Thermoscientific/ Fermentas). Twenty-four hours post-transfection, cells were imaged or analyzed by flow cytometry (BD Accuri C6 Flow Cytometer) in HEPES-buffered Hank's balanced salt solution.
Fluorescence Microscopy
Epifluorescent imaging data were collected using an inverted Nikon Eclipse Ti microscope equipped with a 150 W Lumen 200 metal halide lamp (Prior Scientific) and a 16-bit 512SC QuantEM CCD (Photometrics). Colocalization data was collected using a spinning-disk confocal Olympus IX-81 motorized microscope. Green and red excitations were conducted with 50mW 491 and 561 nm pumped diode lasers. LMM5 from Spectral Applied Research was used for laser merging. The two lasers were coupled to the spinning disk confocal head (CSU10; Yokogawa) mounted with a Sedat dichroic mirror (Semrock). The lasers were processed with appropriate filter sets (Semrock) to capture fluorescence images with an EMCCD (C9100-13, Hamamatsu), driven by Perkin-Elmer's Volocity software.
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